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1 INTRODUCTION 
Flexible and wearable sensing devices possess a 
wide range of promising applications, including hu-
man-machine interface, human motion detection, 
personal healthcare, soft robotics, and smart materi-
als for self- structural health and damage monitoring 
[1]. The principle of using conductive nanomaterials 
composites as sensors is that the external stimuli or 
change yield measurable electrical impulses which 
are classified as piezoelectric, piezoresistive, triboe-
lectric and capacitive response [2, 3]. Among them, 
piezoresistive sensors, the working principle of 
which is based on electrical resistance change as a 
response of mechanical loading, have attracted tre-
mendous attention due to their easy construction and 
measurement [2].  
The first sensors based on the piezoresistive ef-
fect are metallic foil or semiconductor based strain 
gages. A qualified parameter for the evaluation of 
sensitivity of sensors is the gauge factor (GF), which 
is defined as the relative resistance change (ΔR/R0) 
per unit strain (ɛ): 
GF = ΔR/(R0ɛ) (1) 
In general, the GF of metallic foil strain gage is rela-
tively low (2-5) [4]. Semiconductors for instance 
single silicon has a much higher GF (e.g. 200 [5]) . 
However, the metallic and semiconductor based sen-
sors shows limited stretchability (< 3%) [6], which 
hinder their usages in monitoring larger defor-
mations (e.g. human motion with the highest strain 
of 55 % [7]). Therefore, it is of great significance to 
develop stretchable sensors with a high sensitivity 
and wide sensing range, as well as other comprehen-
sive properties. In addition, a cost-effective and fac-
ile manufacturing approach is advantageous for mak-
ing the sensory application to be reality.  
As a great potential alternative, conductive poly-
mer composites (CPCs) filled with conductive fillers 
for sensing function have been investigated. For the 
most conventional CPCs, the composite with filler 
loading just above the electrical percolation gives 
higher sensitivity. However, CPCs with filler content 
very close to the electrical percolation threshold can 
trigger a noisy electrical signal and serious instru-
mentation drawbacks [1]. As such, it is highly desir-
able to develop an effective way for the making of 
CPC with simultaneous higher conductivity and 
sensing performance and low cost [6, 8].  
According to the above considerations, immisci-
ble polymer blends can be used as a strategy to mod-
ify the conductive network structure for the above 
goals. Our previous study [9] focusing on inexpen-
sive binary and ternary blends composed of carbon 
black (CB), thermo-plastic polyurethane (TPU) and 
olefin block copolymer (OBC) and processed 
through extrusion has shown that processing control 
greatly influence the sensing property. In this re-
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ABSTRACT: Stretchable/flexible strain sensors based on conductive polymer composites (CPCs) have at-
tracted extensive attention as potential alternatives for metal foil-based and semiconductor strain gages. How-
ever, to date, only a few composite materials can meet all desirable characteristics, e.g. high gauge factor with 
applicable sensing range, a linear response, and no/small hysteresis. In addition, cost-effectiveness and a facial 
fabrication process are prerequisites for applications. In this contribution, focus is the further design of extru-
sion-based CPCs, starting from our recently published promising results with carbon black (CB) filled ther-
moplastic polyurethane (TPU)/olefin block copolymer (OBC) composites. Attention is focused on the rele-
vance of the CB type in view of increased sensor sensitivity, which is one of the process parameters in view of 
a full mapping of the potential of CB based piezoresistive sensors as envisaged on a longer term.  
search, additional process variables are investigated 
as an initial attempt toward a complete mapping of 
the relation between process variables and piezore-
sistive properties. In the current contribution major 




Two types of thermoplastic elastomer were used as 
matrix resin: (i) polyether based thermoplastic) pol-
yurethane (TPU; Desmopan 9395AU, Covestro CO., 
Ltd., Germany) and (ii) olefin block copolymer 
(OBC; INFUSE 9530, Dow Chemical Co.). Two 
types of CB, i.e., CB1 (ENSACO 250G, IMERYS 
Graphite & Carbon, Belgium) and CB2 (Printex XE 
2B, NECARBO BV, Belgium) were used conductive 
filler. The detailed parameters of the above CBs are 
listed in Table 1. 
 
Table 1.  The detailed parameters of CBs.  
Name CB1 CB2 
Average diameter (nm)     38 30 
DBP adsorption number 
(ml/100g)        
190 420 
BET surface area N2 adsorption 
(m2/g) 
65 1000 
Density (g/cm3)  1.8 1.3 
   
2.2 Sample preparation 
All composite filaments with diameter around 1.5 
mm were produced using an Brabender (TPV) twin-
screw extruder with screw rotational speed of 120 
rpm, and a temperature profile of 160 to 205 °C 
from hopper to die. For binary composites, 
OBC/TPU pellets and CB powder were first simul-
taneously introduced in the feeder to produce master 
batches, which were then diluted to the desired con-
tent. The composites are denoted as TPU (OBC)-CB. 
A two-step procedure was adopted for the fabrica-
tion of ternary composites. In the first step, CB2 was 
first introduced into OBC, yielding a highly concen-
trated pre-mixture, which was then in the second 
step diluted with OBC and TPU. These blends are 
denoted as OBC-CB2/TPU. The TPU/OBC mass ra-
tio is 50/50. The mass fraction of CB is always de-
noted with an additional number for the selected 
blend, e.g. for a binary composite with 10 m% CB 
and TPU as blend partner, the notation is TPU-CB-
10. An additional “-a” is added when sample is an-
nealed at 180 °C in oven for 2h.  
2.3 Characterization 
Tensile tests of some selected samples with or with-
out annealing were performed on circular filaments 
with a gauge length of 110 mm, using an Instron 
5566 test machine. The resistance measurements for 
static and cyclic tensile testing at room temperature 
were performed with a Keithley 2401 SourceMeter 
according to a four-point measurement technique. 
The resistance of samples with higher resistance (> 
200 MΩ) was measured using a Keithley Model 
6517A high resistance electrometer with a two-probe 
method. Silver paint was applied to reduce the con-
tact resistance. The resistance measurement gauge 
length was 50 mm. A constant tensile velocity of 10 
mm min-1 was used. The real-time resistance was 
captured using a LabView program. For each CB 
mass fraction, five individual curves were collected 
with a representative relative resistance variation 
curve shown as result. 
The morphology of binary and ternary composite 
samples was observed using scanning electron mi-
croscope (SEM). CB2 contained binary composites 
were studied using SEM (FEG SEM JEOL JSM-
7600F 202 ,Tokyo, Japan) with an accelerating volt-
age of 10 kV. Ternary composites were observed us-
ing SEM (Tescan Brno s.r.o., Czech Republic) at 5 
kV. Samples for SEM observation were cryogenical-
ly fractured in liquid nitrogen. For better observa-
tion, the cryo-fractured OBC-CB2/TPU-12-a was al-
so etched by dimethylformamide at 70 ℃ for 2.5 h.  
3 RESULTS AND DISCUSSION 
3.1 Electrical conductivity 
Figure 1 shows the variation of conductivity with 
CB fraction for as-prepared binary composites con-
taining CB1 or CB2, and the ternary composite OBC-
CB2/TPU-a. The focus on the latter can be explained 
as follows. For ternary composites, our previous 
work [9] showed that the way by first introducing 
CB into a less favourable polymer phase (here OBC) 
and then blending with the preferable polymer (here 
TPUT), and annealing treatment contribute to better 
interfacial adhesion and higher sensitivity.  
It is observed that the percolation limit greatly re-
duces with the increase of DBP value (CB2 vs. CB1), 
which contributes to stronger self-agglomeration ca-
pability for CB network formation [10]. Compared 
to binary composites, less CB2 is needed to achieve 




Figure 1. Volume conductivity as a function of CB mass frac-
tion for cases studied in this research.  
3.2 Static sensing performance 
Figure 2 shows the variation of the fractional re-
sistance change (ΔR/R0) versus the applied strain (ɛ) 
for a selected number of binary composites with low 
CB contents but above the percolation limit, as it is 
widely accepted that the piezoresistive sensitivity is 
higher for lower concentration of fillers [1, 11]. Re-
sults of ternary composites containing CB2 are also 
included for comparison and reminding that in the 
present contribution it is the main focus. Ternary 
composites OBC-CB2/TPU-7 and OBC-CB2/TPU-5 
are not conductive, thus annealed samples were used 
for the test. The increase in initial conductivity after 
annealing is mainly attributed to the formation of 
new conductive pathways originated from the CB 
agglomeration [10]. It is also shown that all compo-
sites containing CB2 show a monotonic increase of 
ΔR/R0 with increasing strain, while both CB1 filled 
binary composites represent a non-monotonic 
change of ΔR/R0 [9]. The above difference is as-
cribed to different interaction. The increase of DBP 
value and surface area increase the interaction be-
tween CB2 and the polymer matrix.  In addition, 
TPU-CB2-10, OBC-CB2-10, OBC-CB2/TPU-7-a and 
OBC-CB2/TPU-5-a show higher ΔR/R0 than TPU-
CB1-20, OBC-CB2-20 and OBC-CB2/TPU-10 at the 
same strain, indicating higher sensitivity, especially 




Figure 2. Relative resistance change (ΔR/R0) versus uniaxial 
strain for selected samples. The lower graph is the magnifica-
tion in the range of 0-50 % strain. 
 
Figure 3 lists the maximum GF (Equation (1)) 
with the corresponding strain and the initial conduc-
tivity of the combinations mentioned above. OBC-
CB2/TPU-10 gives the highest initial conductivity 
and stretchability (ɛ=226%), at which strain the max-
imum GF is (4.0 ± 1.5) × 103. OBC-CB2/TPU-7-a 
has comparable initial conductivity as OBC-
CB2/TPU-10, but shows much higher GF at interme-




Figure 3. Maximum gauge factor as a function of strain and the 
initial conductivity comparison for selected specimens. 
3.3 Dynamic sensing performance 
Dynamic tensile tests were conducted for a selected 
number of composites with the strain range of 20-40 
% (Figure 4). A general trend is observed for TPU-
CB1-20, OBC-CB2-20, TPU-CB2-10, and OBC-
CB2/TPU-7-a, with ΔR/R0 increasing with increasing 
strain and decreasing with decreasing strain in a 
loading-unloading cycle. The resistance change peak 
defined as the maximum of ΔR/R0 decreases with the 
increasing number of cycles during the first few 
rounds, and is followed by an almost equilibrium-
like value at higher times. It is noticed that the max-
imum ΔR/R0 peak of OBC-CB2-10 slightly increases 
with increasing cycles, indicating the slight accumu-
lation of conductive network damage upon dynamic 
conditions. More significantly, binary and ternary 
composites containing CB1 typically exhibited hyste-
resis, especially TPU-CB1 containing composites 
[9]. However, the hysteresis of CB2 containing com-
posites is much smaller or even negligible, which 
gives better sensing performance. This is due to the 
greatly enhanced interfacial binding between CB2 




Figure 4. Relative resistance change (ΔR/R0) versus time under 
cyclic strain (20-40 % strain, 10 cycles) for selected samples.  
3.4 Morphology 
As a critical issue, the conductive network morphol-
ogy of selected samples was investigated by SEM 
with focus on the dispersion and spatial distribution 
of CB in binary and ternary composites. The mor-
phology of CB1 filled composites is shown in [9]. 
Here, only a limited number of CB2 containing bina-
ry and ternary composites are discussed. As shown 
in Figure 5, it can be observed that CB2 is almost 
homogeneously dispersed in TPU-CB2-15 (Figure 
5a), while a few agglomerates and much more and 
larger sized CB aggregates exist in OBC-CB2-15 





Figure 5. SEM images of the fractured surface of (a) TPU-CB2-
15 and (b) OBC-CB2-15.  
 
Figure 6 shows the fracture surface of OBC-
CB2/TPU. Generally, a rough dispersed phase mor-
phology with non-uniform dispersion of CB2 is pre-
sented. It is difficult to clearly distinguish the inter-
face region and the major CB2 accumulated area.    
As such, to better figure out the spatial distribu-
tion of CB2 in this ternary composite, a TPU phase 
etched sample was further studied by using SEM. It 
is observed that small sized spheroidal TPU domains 
are dispersed in the continuous OBC phase, and the 
majority of CB2 is localized at the interface region. 
Some CB2 particles are also agglomerated through 
the etched area, implying the existence of CB2 in 
TPU domain. The above two observations indicate 
the fast migration of CB2 from OBC to TPU during 
the processing procedure and much higher affinity of 
CB2 toward TPU. Again this highlights the prefer-
ence of CB as such toward TPU [7].  
Compared to TPU-CB2-10 and OBC-CB2-10, the 
one phase filler-enriched structure makes the con-
nection of CB2 particles more compact, which con-
tributes the higher initial conductivity and lower 




Figure 6. SEM image of fractured surface of (a) OBC-
CB2/TPU-10 with TPU phase etched.  
4 CONCLUSION 
In this research, CB/TPU (OBC) binary composites 
are fabricated using two types of CB. It is found that 
much less filler fraction is needed to achieve compa-
rable conductivity for CB2 with higher DBP absorp-
tion and surface area. In addition, CB2 filled ternary 
composites give quasi-static monotonic strain sens-
ing behavior and much reduced or even negligible 
hysteresis, which is due to the enhanced filler-matrix 
interaction. Based on the current screening OBC-
CB2/TPU-7-a shows higher dynamic sensing per-
formance and quite small hysteresis. Further compo-
sitional (TPU/OBC blend ratio and filler content) 
optimization can further improve the sensing per-
formance. More investigation on the conductive 
work morphology and evolution will further be done 
to figure out the sensing mechanism. 
5 ACKNOWLEDGMENT 
L.D. appreciates funding from the China Scholarship 
Council (grant 201506240217) for the Ph.D. study at 
Ghent university. D.R.D acknowledges the Fund for 
Scientific Research Flanders (FWO) through a post-
doctoral fellowship. M.S. thanks Florian Arbeiter 
and the Institute of Polymer Testing and Material 
Characterization of the Montanuniversitaet Leoben, 
Austria for using their SEM equipment. Maya Kuz-




1. Avilés, F.; Oliva‐ Avilés, A. I.; Cen‐ Puc, M., 
Piezoresistivity, strain, and damage self‐ sensing of 
polymer composites filled with carbon nanostructures. 
Advanced Engineering Materials 2018, 1701159. 
2. Jason, N. N.; Ho, M. D.; Cheng, W., Resistive electronic 
skin. Journal of Materials Chemistry C 2017, 5 (24), 5845-
5866. 
3. Duan, L.; D’hooge, D.R.; Cardon, L., Recent progress on 
flexible and stretchable piezoresistive strain sensors from 
design to application.. Progress in Materials Science, 2018, 
submitted. 
4. Window, A.L., Strain gauge technology. 1992: Springer. 
5. Kanda, Y., Piezoresistance effect of silicon. Sensors and 
Actuators A: Physical, 1991. 28(2): p. 83-91. 
6. Kim, H.-J.; Thukral, A.; Yu, C., A Highly sensitive and 
very stretchable strain sensor based on a rubbery 
semiconductor. ACS applied materials & interfaces 2018, 
10 (5), 5000–5006. 
7. Yamada, T.; Hayamizu, Y.; Yamamoto, Y.; Yomogida, Y.; 
Izadi-Najafabadi, A.; Futaba, D. N.; Hata, K., A stretchable 
carbon nanotube strain sensor for human-motion detection. 
Nature nanotechnology 2011, 6 (5), 296. 
8. Lee, J.; Shin, S.; Lee, S.; Song, J.; Kang, S.; Han, H.; Kim, 
S.; Kim, S.; Seo, J.; Kim, D., Highly sensitive multifilament 
fiber strain sensors with ultrabroad sensing range for textile 
electronics. ACS nano 2018, 12 (5), 4259–4268. 
9. Duan, L.; D’hooge, D.R.; Spörk, M.; Cornillie, P.; Cardon, 
L., A facile and low-cost route for sensitive stretchable 
sensors by controlling kinetic and thermodynamic 
conductive network regulating strategies. ACS applied 
materials & interfaces 2018, accepted.. 
10. Li, X.; Deng, H.; Zhang, Q.; Chen, F.; Fu, Q., The effect of 
DBP of carbon black on the dynamic self-assembly in a 
polymer melt. RSC Adv. 2016, 6 (30), 24843-24852. 
11. Gupta, T. D.; Gacoin, T.; Rowe, A. C. H., Piezoresistive 
properties of Ag/silica nano-composite thin films close to 
the percolation threshold. Advanced Functional Materials 
2014, 24 (28), 4522-4527 
 
